I. INTRODUCTION
Chromium plays a versatile role in organometallic synthesis, mainly because of its wide range of available oxidation states from -IV to +VI. 1 The element has many applications, such as in the development of stereoselective (arene) reagents, more efficient polymerization catalysts, and novel molecules with unusual oxidation. A common appearance of chromium is in carbonyl complexes and cyclopentadienyl sandwich compounds, 2 such as chromocene. Recently, calculations have suggested that dimetallocenes with chromium may be useful for H 2 storage. 3 Chromium also plays a role in carbon clusters. Early transition metals such as chromium have been found to form stable gas-phase metal-carbon clusters, metallocarbohedrenes, or "metcars," with the general formula M 8 C 12 + . 4 Chromium, however, does not appear to form either endoheral or exohedral metallofullerenes, as do other transition metals (e.g., Refs. 5 and 6). Titanium, for example, figures prominently in metcars but also can be incorporated inside fullerenes, such as in Ti 2 C 2 @C 78 , and can be attached to the outside of C 60 . 7 The apparent lack of chromium complexes with fullerenes may arise from a weak Cr-C 2 bond, as predicted by theory. 8 This a) Author to whom correspondence should be addressed. Electronic mail: lziurys@email.arizona.edu. Fax: 520-621-1532.
bond principally occurs between the sd σ hybridized orbital on the metal atom and the unoccupied 3σ g orbital of the C 2 moiety. However, more experimental data are needed to probe the chromium-carbon bond. High-resolution gas-phase spectroscopy of small model systems provides an important avenue to examine metalcarbon bonding. In the case of 3d transition metals, species of the type MC, MCCH, MCH, MCH 3 , and MC 2 have been studied to date. For the dicarbide compounds, only ScC 2 thus far has been investigated, in this instance by Fourier transform microwave/mm-wave methods. 9 This work showed that the molecule has a T-shaped geometry, as suggested by theory. 8 In the case of the diatomic carbides, optical spectroscopy has been carried out for FeC, CoC, NiC, VC, and, more recently, TiC. [10] [11] [12] [13] [14] Pure rotational data have been recorded for FeC, CoC, and NiC as well. 15, 16 These studies have demonstrated that the ground states of these molecules are 3 , respectively. For the metal monoacetylides, CuCCH and ZnCCH have been characterized using pure rotational spectroscopy, 17, 18 and recently NiCCH and CuCCH have been studied in the optical regime. 19, 20 Besides identifying electronic states, such work suggested that the CCH moiety retains an acetylenic structure when bonded to copper or zinc. VCH and TiCH have also been studied in the optical regime by Merer and collaborators, who found their structures to be linear. 21, 22 The pure rotational spectrum of CuCH 3 has additionally been measured, revealing its C 3v symmetry. 23 Vibrationally resolved spectra of NiCH 3 has also been recorded. 24 Spectroscopic studies of chromium-bearing molecules have been almost exclusively the work of Morse and collaborators. These authors have recorded vibrationally resolved spectra of the 6Ẽ -X 25 A very recent work has produced a detailed rotational analysis of the 3 1 0 band of theÃ-X transition of CrCCH. 26 These chromium species were all produced by laser ablation of the metal in a dilute mixture of methane in helium.
Here we present the first measurements of pure rotational spectra of CrC and CrCCH in their respective X 3 Σ − andX 6 Σ + ground electronic states. In order to confirm the identification of the monoacetylide, transitions were also recorded for CrCCD-the first observation of this species. These molecules were investigated using millimeter-wave direct absorption methods with organometallic precursors, allowing accurate determination of their spectroscopic constants. From these parameters, Cr-C bond lengths have been calculated, as well as estimates of the energies of nearby excited states. In this paper, we present our data and their respective spectral analyses and provide insight into the bonding in chromiumbearing molecules.
II. EXPERIMENT
The measurements for CrC (X 3 Σ − ) and CrCCH (X 6 Σ + ) were conducted with one of the direct absorption spectrometers of the Ziurys group, which has been described in detail elsewhere. 27, 28 Briefly, the radiation source for this instrument consists of phase-locked Gunn oscillators that are used in conjunction with various Schottky diode multipliers, providing nearly continuous frequency coverage across the range 65-850 GHz. The reaction chamber is a methanolchilled, 85 cm-long single-pass glass cell containing two ring electrodes at either ends which support a longitudinal AC discharge. The detector is a helium-cooled hot electron bolometer. The radiation is propagated quasi-optically through the cell by a series of Teflon lenses. Phase-sensitive detection is achieved by FM modulation of the Gunn oscillator through the phase-lock loop.
The molecules were created in an AC discharge of Cr(CO) 6 , argon, and either methane (CrC) or acetylene (CrCCH). For CrCCD, deuterated acetylene was used as the precursor. Solid Cr(CO) 6 was placed in a small metal tube attached to the cell and heated to about 85
• F, creating ∼1 mTorr of vapor. Approximately 1 mTorr of methane and 50 mTorr of argon maximized the signals for CrC, while the optimal mixture for CrCCH was ∼0.5 mTorr of acetylene and 40 mTorr of argon. The AC discharge was modulated at a rate of 20 kHz with 250 W of power for all syntheses.
Transition frequencies were measured by averaging 4-10 scans, half taken in increasing frequency and the rest in decreasing frequency, each 5 MHz in width. The recorded line shapes were fit with Gaussian profiles to establish the center frequencies. Line widths ranged from 0.4 to 1.5 MHz over the range 225-580 GHz. Given the signal-to-noise ratios for the recorded lines, measurement of the 53 Cr isotopologues was not attempted. This isotope of chromium is roughly 1/9th of the abundance of 52 Cr; it also has a nuclear spin, and thus additional splittings would further reduce the strength of observed features.
III. RESULTS
The initial search for CrC (X 3 Σ − ) was guided by the rotational constant of ∼19.8 GHz determined by the optical work. 25 Initially a range of about 100 GHz, or 5B, was continuously scanned to prevent misassignments, for example, if an excited state was present. Only rarely have excited electronic states been observed in such rotational data, and only when the ground state signals were extremely intensenot the case in these studies. For a 3 Σ − term, each rotational level N is split into three fine structure sub-levels with J = N − 1, N, and N + 1, where J = N + S, as shown in the qualitative energy level diagram presented in Figure 1 . The splitting arises from a combination of spin-rotation (N·S) and spin-spin (S·S) interactions. The most favored transitions occur for ∆N = ∆J = +1 (for absorption), as shown in the figure. Therefore, every rotational transition consists of three strong fine structure components, which appear as a nominal triplet in the case (b) limit, where B ∼ λ and λ is the spinspin constant. Only transitions from the J = N component follow a harmonic pattern-the starting point for the search. Five successive harmonically-related lines corresponding to a rotational constant near 19 GHz were found in the data; these features disappeared upon removal of Cr(CO) 6 , suggesting that they arose from a chromium-containing species. The other two spin components for CrC were then identified after considerable searching, revealing a "classic" case (b) triplet. As N decreases, the splitting becomes more asymmetric, increasing to 1.7 and 2.3 GHz from the center feature for the N = 12 ← 11 transition (top spectrum).
In Figure 3 , typical spectra measured for CrC are presented. The fine structure triplet of the N = 12 ← 11, 13 ← 12, and 14 ← 13 rotational transitions near 467, 506, and 545 GHz are displayed. There are two frequency breaks in each spectrum to show all three fine structure lines, labeled by quantum number J. The actual splitting is more asymmetric, as Figure 2 shows.
The transition frequencies recorded for the CrC radical are presented in Table I . Seven rotational transitions N + 1 ← N, each consisting of three fine-structure components, were measured-total of 21 individual lines.
In the case of CrCCH, the frequency range 450-480 GHz was continuously scanned, based on a rotational constant of B = 3843 MHz provided by the optical studies. 24, 26 The ground state of CrCCH is 6 Σ + . As illustrated in Figure 4 , each rotational level for this term, indicated by N, is split into six fine structure components, labeled by J. The splittings arise from spin-spin coupling, described by the constant λ, and the spin-rotation interactions, characterized by γ. Again, the strongest transitions N + 1 ← N occur for ∆N = ∆J = +1,
Millimeter-wave spectra of N = 12 ← 11, 13 ← 12, and 14 ← 13 rotational transitions of CrC (X 3 Σ − ) measured in this work near 467-545 GHz. Each transition N + 1 ← N consists of three fine-structure components, indicated by quantum number J , which are clearly resolved and form an asymmetric triplet pattern. There are two frequency breaks in the display of each transition to show the three lines. The spectral features exhibit a second derivative profile due to use of phase-sensitive detection at 2 f . Each fine-structure component was measured using a 110 MHz-wide scan obtained in 70 s, and then cropped to display ∼50 MHz. generating a fine structure sextet. A series of four sextets, one which first appeared to be a quintet, were identified in the data from the broad-band search, and were found to be separated by approximately 2B. These spectral lines disappeared upon removal of either Cr(CO) 6 or acetylene. The overall sextet fine-structure splitting spanned about 250 MHz, with the individual components separated relatively evenly by about 50 MHz. After the four sextets were identified, other transitions were measured.
A search was also carried out for the deuterated analog, CrCCD, to confirm the identification of CrCCH. A rotational constant was estimated by scaling that of CrCCH by the ratio B(ZnCCD)/B(ZnCCH) from Ref. 18 . Based on this constant, another series of sextets were located with a slightly smaller fine structure splitting (∼40 MHz). These features could only be generated in the presence of both Cr(CO) 6 and DCCD, and therefore were identified as arising from CrCCD.
A total of eleven rotational transitions of CrCCH were recorded in the frequency range 245-483 GHz, each consisting of six fine structure components, as presented in (One component could not be measured in the N = 67 ← 66 transitions because of a contaminating line.) Representative spectra of CrCCH are shown in Figure 5 . Here the N = 60 ← 59, 61 ← 60, and 62 ← 61 rotational transitions near 460-475 GHz are presented. The fine structure sextets, labeled by quantum number J and separated by ∼50 MHz, are clearly evident in each spectrum-solid evidence for the 6 Σ + ground state. Figure 6 shows the spectrum of the N = 64 ← 63 transition of CrCCD near 451 GHz. Again, the sextet pattern, indicated by J, is plainly visible, but the overall fine structure splitting is slightly smaller than in CrCCH. This difference is expected, as the spin-rotation constant and to some extent the spin-spin constant scale with B. Unassigned lines were also found in the data. Typically, 30%-50% of observed spectral features are not identified. Many likely arise from other radical species containing only carbon and hydrogen. Chromium-bearing radicals such as CrCH 2 are also possibilities.
IV. ANALYSIS
The data were analyzed in a Hund's case (b) basis, as appropriate for these molecules, using 3 Σ − and 6 Σ + effective Hamiltonians for CrC and CrCCH/CrCCD, respectively. These Hamiltonians consists of three major terms: rotation, spin-spin interactions, and spin-rotation coupling,
The data were fit with the nonlinear least-squares analysis program HUND B to establish spectroscopic parameters.
For the high spin 6 Σ + term, use of the fourth-order spinspin parameter θ slightly improved the fit, but use of thirdorder rotation constant γ s did not. (For definitions of these parameters, see Ref. 29) . Resulting constants are listed in Tables IV (CrC) and V (CrCCH).
As shown in Table IV , six parameters were required to accurately fit the data for CrC, including centrifugal distortion corrections λ D and γ D , resulting in an rms of 67 kHz. Also listed in the table are the constants derived by Brugh et al. 25 from their resonant two-photon ionization study of the 3 Σ − -X 3 Σ − electronic transition. Our rotational constant differs by about 300 MHz from that of Brugh et al., and our spin-rotation parameter is significantly smaller. These authors fit the ground state with only three constants, B, λ, and γ, however, noting a high degree of correlation of the rotational and spin parameters between the ground and excited states. The differences between the mm-wave and optical values are likely a result of this correlation.
The resulting constants for CrCCH are in excellent agreement with the optical work of Brugh and Morse, 26 as displayed in Table V . There is some variation in the spin-spin constant λ due to the inclusion of θ in our analysis; Brugh and Morse fixed this parameter to zero in their fit. If we do the same, then the derived spin-spin constant is within 0.5 MHz of that of Brugh and Morse. The constants for CrCCD scale as expected for a slightly heavier molecule. The rms values of the fits are 80 kHz for CrCCH and 49 kHz for CrCCD, which are within the experimental accuracy.
V. DISCUSSION
The pure rotational measurements of CrC have resulted in improved spectroscopic parameters for this free radical. From the refined rotational constant, the r 0 bond length of this molecule was found to be 1.6314 Å. This distance is longer than the value derived by Brugh et al. of 1.6188 Å, 25 as expected, given the differences in B. The bond distance in CrC is comparable to that in NiC, which has r 0 = 1.6308 Å 16 -both of which are larger than those in FeC (1.5931 Å) and CoC (1.5612 Å). 15, 16 CrC is thought to have an electron configuration of 8σ 2 3π 4 1δ 2 , with the 8σ and 3π orbitals creating a triple bond. 25 NiC is also thought to have a triple bond and an 8σ 2 9σ 2 3π 4 1δ 4 configuration, with the additional 4 electrons filling the non-bonding 1δ and 9σ orbitals. 16 The 9σ orbital in this case is primarily composed of the 4s orbital of nickel. It is therefore not surprising that CrC and NiC have similar bond lengths. The decrease in bond distance for the iron and cobalt carbides at least partially reflects a corresponding decrease in atomic radii across the periodic table.
For CrCCH, more isotopic substitutions are needed to derive an accurate structure, which is work in progress. However, if the assumption is made that the acetylenic ligand in CrCCH is similar to that in ZnCCH and CuCCH, then the Cr-C bond distance can be estimated. This assumption is reasonable given that ZnCCH and CuCCH have comparable C-C and C-H bond distances. If r(C-H) = 1.048 Å and r (C≡ ≡C) = 1.238 Å is assumed for CrCCH, based on the zinc analog, then the Cr-C bond distance is found to be 1.993(6) Å, derived from the two measured rotational constants. This metal-carbon bond distance is longer than that in ZnCCH and CuCCH by 0.09 and 0.17 Å, respectively (see Table VI ). This lengthening likely reflects the presence of 5 unpaired electrons on the metal nucleus, as opposed to one (ZnCCH) or zero (CuCCH), as well as the general trend in atomic radii. It is also significantly longer than in CrC by almost 0.4 Å, but similar to that in CrCN, which is 2.023 Å. 29 Both the acetylide and the cyanide appear to exhibit single chromium-carbon bonds, while that in the monocarbide is a triple bond. The bond lengths reflect this change in bond order.
According to Brugh et al., 25 there is substantial amount of spin-orbit interactions between the 3 Σ − ground state of CrC, the subject of this study, and the closest isoconfigurational 1 Σ + excited state, which occurs through the one electron spin-orbit operator  i a i l i s i . 31 Here a i is the spin-orbit constant of the ith electron. The 1 Σ + state is generated by pairing of the spins of the two δ electrons. Other possible perturbing terms such as 1 Π, 3 Σ + , and 3 Π are not predicted to be as close in energy. 25 The 3 Σ − -1 Σ + coupling can increase the spin-spin constant λ by providing a second-order contribution. As a consequence, the Ω = 0 levels of the ground state of CrC are perturbed relative to Ω = ±1 levels, as is observed in the energy levels of this molecule: see Figure 1 . Considering the case (a) limit where J and Ω are the good quantum numbers, the Ω = 0 sub-level is pushed to lower energy than the corresponding Ω = ±1 levels for a given J. The figure illustrates this effect for the J = 11 levels, shown in bold.
If it is assumed that the main contribution to the spin-spin constant is second order spin-rotation coupling (i.e., λ ∼ λ so ), and that the main perturber is the nearest 1 Σ + term, then energy of this state can be estimated from the equation
The quantum numbers n 
The Slater determinants for the two connecting states are
Equation (3) then further simplifies to the expression
Here a is assumed to be that of Cr + (a = 224 cm −1 ), and 32 and CrCl (7989 MHz). 33 One glaring exception is CrCN, which has a much smaller value of λ = 640 MHz. These differences can be understood in terms of Equation (2) . Because of selection rules (see above), the spin-orbit operator can connect the ground state in CrCCH to a range of excited states, and the most important are 4 4 Σ − and 6 Π states yield a positive contribution to λ, while the 4 Π terms give a negative one. For CrCN, the overall effect significantly reduces the value of λ, but such a reduction is not nearly as drastic in CrCCH, CrH, and CrCl. This result suggests that the electronic state manifolds of the monoacetylide, hydride, and chloride are comparable and differ from that of the cyanide.
In analogy to CrCN, only the excited 6 Π state can contribute to γ because the operatorĤ rot = BL ± requires the selection rule ∆S = 0. Assuming that the major contribution to γ is second-order spin-orbit coupling, the energy of the nearby 6 
VI. CONCLUSION
Evaluating the fundamental properties of small, Crcontaining molecules aids in understanding the role of chromium in more complex chemical systems. This study of the pure rotational spectra of CrC and CrCCH demonstrates that the ground states of these two radicals are 3 Σ − and 6 Σ + , respectively, verifying previous optical work. In CrC, chromium appears to form a triple bond with the carbon atom, while a single bond is formed in CrCCH. The single bond in the latter species suggest that the -CCH ligand retains its basic acetylenic structure, as has been found in ZnCCH and CuCCH. Spectroscopic studies of other chromium-bearing molecules would give additional insight into transition metal bonding.
